P osterior or transforaminal lumbar interbody arthrodesis using pedicle screw fixation and interbody cages have become widely accepted surgical techniques for treating lumbar spinal disorders [1] [2] [3] . In most studies in which the results of these procedures were assessed on the basis of evaluation of radiographs and computed tomography (CT) scans, evidence of continuous trabecular osseous bridging between vertebrae (around or through the interbody cages) combined with the absence of peri-implant radiolucency and the absence of motion on flexion-extension radiographs were judged to indicate successful fusion 2, [4] [5] [6] [7] [8] [9] . Conversely, motion on radiographs, the absence of continuous trabecular osseous bridging, and the presence of radiolucent zones surrounding the pedicle screws and interbody cages on postoperative radiographs or CT scans have each been widely accepted as definite indicators of pseudarthrosis after these procedures 8 . However, Tokuhashi et al. reported that the postoperative pedicle screw radiolucent zone disappeared over time in approximately two-thirds of patients treated with posterior lumbar arthrodesis and its presence did not necessarily indicate permanent pseudarthrosis 10, 11 . We therefore conducted a prospective study to determine the natural course that can be expected when pseudarthrosis follows posterior lumbar interbody arthrodesis using current pedicle screws and metal or nonmetal interbody cages. The aims of the study were (1) to demonstrate longitudinal radiographic changes over the first five years in patients who developed pseudarthrosis after posterior lumbar interbody arthrodesis using interbody cages at one or two levels, and (2) to investigate radiographic predictors of long-lasting pseudarthrosis at early postoperative stages.
Materials and Methods

Study Design
A prospective longitudinal radiographic evaluation using radiography and CT was performed at a single spine center after appropriate approval from the institutional human ethics committee. A total of 163 consecutive patients who were thirty to seventy-five years of age, had a lumbar degenerative disease, and were treated with posterior lumbar interbody arthrodesis using pedicle screws and interbody cages at one or two levels from April 2003 to March 2006 were potentially eligible for the study. The exclusion criteria included arthrodesis procedures in addition to the one or two-level posterior lumbar interbody arthrodesis, lumbar kyphosis (lordosis at L1-S1, <0°), spondylolisthesis (degenerative or isthmic) of grade III or higher (i.e., ‡50%), a previous attempted arthrodesis at the intended surgical level, a medical condition that required corticosteroids, severe osteoporosis, a major spinal fracture, a malignant tumor, infection, or an autoimmune disease. After application of the exclusion criteria, 153 patients were selected (Fig. 1) .
Radiographic assessment was performed at one, three, six, twelve, eighteen, and twenty-four months, and annually thereafter until five years after surgery. Anteroposterior and lateral flexion-extension radiographs and thinsection helical CT scans were used to evaluate the status of the interbody bone graft. Subjects exhibiting early pseudarthrosis were selected on the basis of twelve-month postoperative radiographic assessments. Early pseudarthrosis one year after surgery was defined as at least one of the following: complete absence of osseous bridging between the upper and lower vertebrae, angular motion of ‡5°on lateral flexion-extension radiographs, and radiolucent zones The flow of patients through the study. Patients with complete radiographic data would have had nine radiographs (XPs) and nine CT scans over the five years of follow-up; the box at the bottom indicates the percentage of such data available for each patient. PLIF = posterior lumbar interbody fusion (arthrodesis).
RADIOGRAPHIC CHANGES I N PATIENTS W I T H P S E U DA RT H R O S I S AFTER P O S T E R I O R LUMBAR I N T E R B O DY A RT H R O D E S I S
around the pedicle screws or interbody cages on CT scans. For patients who met the postoperative criteria of early pseudarthrosis, radiographs and helical CT scans were used to determine the longitudinal radiographic changes in and around the operative site over the first five postoperative years and whether successful fusion was achieved.
Patient Follow-up
On the basis of the twelve-month postoperative criteria, seventeen patients (nineteen levels) were considered to have early pseudarthrosis and were selected for analysis. The overall prevalence of early pseudarthrosis at one year after surgery was 11%. The 136 patients with successful fusion at one year were excluded from this study and their outcomes are reported elsewhere 12 .
Posterior Lumbar Interbody Arthrodesis
Bilateral pedicle screws were inserted into the upper and lower vertebrae, the appropriate intervertebral space was carefully created with use of an intervertebral distractor, and the upper and lower pedicle screws were connected with a rod. A total discectomy was then performed, and two carbon fiber interbody cages (DePuy Spine, Raynham, Massachusetts) filled with local bone (obtained during posterior decompressive laminotomy by removal of all soft tissues) with or without iliac crest bone were inserted. The bone graft was packed around and between the cages as much as possible. The pedicle screws were disconnected from the rod to relieve the distraction force, then reconnected.
Radiographic Assessment and Grading
Radiographic assessment was performed by two independent spinal surgeons who were blinded to the study information. A third reviewer was available for adjudication in case of disagreement. The Ferguson technique 13 was used to make anteroposterior radiographs. In addition, a high-speed helical scanner was used to make 1-mm thin-section helical CT images of the involved lumbar segments. Reconstructed images were generated in the sagittal and coronal planes perpendicular to the plane of each cage. The outcomes assessed included segmental range of motion on lateral flexion-extension radiographs, radiolucent zones surrounding the pedicle screws and cages on anteroposterior and lateral radiographs and on CT scans, the volume of grafted bone on CTscans, and the presence of an osseous spur or bridging anterior to the intervertebral disc on a sagittal CT scan. Range of motion at the treated level was calculated as the change in the angle between the inferior end plate of the upper vertebra and superior end plate of the lower vertebra on lateral radiographs obtained during flexion and during extension. All measurements were made digitally. Interpretations of radiographs and CTscans were made with use of a 6-point grading scale ( Figs. 2 and 3 ; see Appendix). Radiolucent zones at the pedicle screw sites on anteroposterior radiographs ( Fig. 2-A) and CT scans ( Fig. 2-B) were graded on a 6-point scale (range, 0 to 25; see Appendix) as shown. Radiolucent zones around the interbody cage ( Fig. 3-A) and the osseous spur anterior to the intervertebral disc ( Fig. 3-B ) on sagittal CT scans were graded on a 6-point scale (range, 0 to 25 and 0 to 5, respectively; see Appendix) as shown.
The decrease in the intervertebral disc height and the extent of cage subsidence into the end plates at each radiographic follow-up time were assessed relative to the value at one month after surgery. The disc height was defined as the distance between the upper and lower vertebral end plates, measured perpendicularly 14 . Subsidence was defined as the sum of the distance from the inferior margin of the cage to the superior end plate of the lower vertebra plus the distance from the superior margin of the cage to the inferior end plate of the upper vertebra, measured in the midportion of the cage. Annual determinations of the outcome as successful fusion or pseudarthrosis were made according to the same criteria that had been used at one year postoperatively.
Statistical Analysis
IBM SPSS Statistics (version 19.0; IBM Japan) was used for statistical analyses. The radiographic assessments of all patients were repeated three weeks later to evaluate the reliability of the scoring of each radiographic outcome measure. Kappa statistics were used to describe the intraobserver and interobserver agreement as described by Landis and Koch [15] [16] [17] 
Source of Funding
There was no external source of funding for this study.
Results
Patient Flow and Follow-up
O f the seventeen patients with early pseudarthrosis, sixteen (94%), with eighteen treated vertebral levels, were included in the longitudinal radiographic assessment (Fig.  1) . Demographic data for the patients with and without pseudarthrosis at one year after surgery are shown in the Appendix.
Intraobserver and Interobserver Reliability
The reliability results are summarized in the Appendix. Because both types of agreement for the grading of radiolucent zones around cages on radiographs were only fair, data for this parameter were excluded from the analysis.
Longitudinal Radiographic Changes in Patients with Pseudarthrosis
Of the eighteen levels with early pseudarthrosis that were included in the longitudinal evaluation, five had segmental range of motion of ‡5°on flexion-extension radiographs made one year after surgery. The mean range of motion at these levels reached a maximum at one year and then decreased significantly up to five years after surgery (p = 0.046 at two years and p < 0.01 at three, four, and five years compared with one year) (Fig. 4) . At five years after surgery, none of the levels showed segmental range of motion of ‡5°.
Compared with the value at the previous time point, the mean grade for the screw radiolucent zones on lateral radiographs Fig. 4 Longitudinal changes in maximum range of motion (ROM) of the intervertebral disc on lateral flexion-extension radiographs were significant as determined by ANOVA. The mean and standard deviation at each time point are shown for five patients who showed ‡5°of motion one year after surgery. The mean range reached a maximum at one year and then decreased significantly up to five years after surgery (*1, p = 0.046 [paired t test]; and *2, p < 0.01 compared with one year [Tukey test]). 21, 2014 tended to deteriorate up to six months and then deteriorated significantly up to one year. Subsequently, the grade improved significantly up to two years and continued to improve up to four years (see Appendix). The mean grade for the screw radiolucent zones on CT scans deteriorated significantly up to six months and continued to deteriorate up to one year; subsequently, the grade improved significantly up to three years (see Appendix). The mean grade for the cage radiolucent zones on CTscans deteriorated significantly up to six months and tended to deteriorate up to one year, then improved significantly up to three years and continued to improve up to four years (see Appendix). The mean grade for the osseous spur or bridging anterior to the intervertebral disc on lateral radiographs and on sagittal CT scans began to improve after three months and 21, 2014 improved significantly each year from one up to four or five years (see Appendix). The mean grade for the volume of grafted bone on CTscans deteriorated significantly up to six months and then tended to improve from two years to three years; however, that difference did not reach significance (see Appendix).
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The number of levels that showed radiolucent zones around the implant decreased year by year. Although sixteen levels had shown screw radiolucent zones at one year after surgery, the zones disappeared from twelve (75%) of these levels at five years (Table I ). Although seventeen levels had shown cage radiolucent zones at one year after surgery, the zones disappeared from eleven (65%) at five years (Table I ). The number of levels judged to have a successful fusion increased year by year. Of the eighteen levels with follow-up data, successful fusion was judged to have been attained in one (6%) at two years, seven (39%) at three years, eight (44%) at four years, and twelve (67%) at five years (Table II) .
Early Predictors of Long-Lasting Pseudarthrosis
Univariate (Tables III and IV) and multivariate (Table V) logistic regression analyses were performed to identify early radiographic findings that were independent predictors of continuing pseudarthrosis at five years. Interbody cage radiolucent zone grades of <22 (i.e., >1 mm) on CTscans at twelve and eighteen months after surgery were independent predictors of long-lasting pseudarthrosis.
Correlations Between Longitudinal Changes in the Interbody Cage Radiolucent Zone and Other Radiographic Findings
The cage radiolucent zone grade was significantly correlated with cage subsidence at two years (r = 20.481), decrease in disc height (r = 0.551) and range of motion at four years (r = 20.511), and the volume of grafted bone at five years (r = 20.678). The Spearman correlation coefficients of the interbody cage radiolucent zone grade with the other radiographic findings were not significant (see Appendix).
Discussion
I n most studies evaluating the success of fusion after posterior or transforaminal lumbar interbody arthrodesis on the basis of radiographs and/or CT scans, the complete absence of continuous trabecular osseous bridging between vertebrae, periimplant radiolucency, and motion on flexion-extension radiographs were each considered to indicate pseudarthrosis 5, 13, [18] [19] [20] . Although these criteria have been widely used for evaluating pseudarthrosis, they lack clear definitions.
Recent developments in thin-section helical CT have improved the assessment of interbody fusion, and several studies have shown good correlation between the postoperative CT appearance and subsequent clinical findings in exploratory surgery 13, 21 . Detection of pseudarthrosis is also more accurate on thin-section helical CT scans than on radiographs 13, 20, [22] [23] [24] . Our previous study revealed that thin-section helical CT was useful for assessing osseous bridging; however, there was concern that it might lead to false assessments of fusion status within six months of surgery 12 . On the contrary, the present study showed that CT was better than radiography for detecting pseudarthrosis even within six months of surgery. According to our present and our former study 12 , although CT may lead to a false diagnosis of pseudarthrosis in some cases of successful fusion with continuous osseous bridging within six months of surgery, it is accurate for predicting cases of pseudarthrosis within six months of surgery.
Another concern regarding CT scans is radiation exposure 25 . CT scanning delivers a much higher radiation dose than conventional diagnostic radiography does [26] [27] [28] . Some studies have documented the actual effective radiation doses for the most commonly used CT scans and the cancer risks associated with this radiation 25, 29, 30 . Berrington de González et al. 29 projected 29,000 excess cancers as a result of CT scans performed in the U.S. in 2007. Smith-Bindman et al. 30 found that the usual protocol sometimes inadvertently increased the radiation dose. Every clinician must carefully assess the expected benefits of each CT scan and fully inform patients of the known radiation risks 25 . Although CTexamination is presently necessary for diagnosis of successful fusion or pseudarthrosis after posterior lumbar interbody arthrodesis because of the lower precision of radiographs, the nine CT scans that were performed over the course of the present study proved excessive. According to the results of this study, an appropriate CT imaging protocol for clinical practice or future studies of fusion success is suggested to be at six months and one, three, and five years after surgery. Furthermore, the CT scan settings should be adjusted to result in a lower radiation exposure than usual.
Tokuhashi et al. concluded that osseous union occurred more than two years after posterior arthrodesis with pedicle screws in approximately 30% of patients with delayed union and that the radiolucent zones disappeared over time in approximately two-thirds of the patients 10, 11 . In the present study, the mean grades for screw and cage radiolucent zones deteriorated up to one year, when the maximum radiolucent zones occurred, and then improved up to four or five years, with the increases up to three years reaching significance. Therefore, we conclude that although pseudarthrosis status progresses up to one year, some levels with early pseudarthrosis begin to change to successful fusion one or two years after surgery and improvement continues up to four or five years.
The persistence of radiolucent zones for two years or longer after surgery has been reported to represent a high risk for pseudarthrosis 11, 31 . In the present study, however, radiolucent zones continued to disappear even after two years, and approximately two-thirds of the zones that existed at two years disappeared in the ensuing three years. Although only 6% of cases of early pseudarthrosis could be judged as having successfully fused at two years, the proportion increased to two-thirds at five years. Thus, it is unlikely that an end result of successful fusion or of permanent pseudarthrosis can be accurately predicted in patients with continued pseudarthrosis at two years. We conclude that a final pseudarthrosis assessment should be performed at least three years after one or two-level posterior lumbar interbody arthrodesis using interbody cages.
We also demonstrated that one-third of cases of early pseudarthrosis were eventually classified as possibly permanent e82(7) 21, 2014 pseudarthrosis and that a cage radiolucent zone with a grade of <22 (i.e., >1 mm) on CT scans at one year is definitely an early predictor of permanent pseudarthrosis. Therefore, we concluded that the existence of a radiolucent zone of >1 mm around the entire cage at one year should be a reliable indicator of the need for additional surgery. Fusion status is described by terms such as successful fusion, pseudarthrosis, nonunion, and delayed union; however, these terms are not clearly defined. Tokuhashi et al. declared that it is not reasonable to define a failure to achieve osseous union within one year after posterior spinal surgery as pseudarthrosis, and the condition should instead be called delayed union 10 . McAfee pointed out that, in the absence of evidence of successful fusion, it is useful to think of spinal fusion status as ''indeterminate'' in the first two postoperative years 1 . In our opinion, a final determination of nonunion or delayed union after posterior lumbar interbody arthrodesis should be made three years after surgery. In the first three postoperative years, fusion status should be diagnosed as indeterminate if bridging by trabecular bone is not present, even if there is no motion and no radiolucent zone; if successful fusion does eventually follow early pseudarthrosis, the fusion status would be reclassified as delayed union. In the first three postoperative years, the term nonunion should include an indeterminate fusion status, delayed union, and early pseudarthrosis with the possibility of permanent pseudarthrosis.
The mechanism of disappearance of the radiolucent zone around the spinal implant is unclear. In this study, the severity of the cage radiolucent zone had a positive correlation with cage subsidence at two years, a negative correlation with disc height reduction at four years, and a positive correlation with the volume of grafted bone at five years. Thus, the severity of the cage radiolucent zone worsened with cage subsidence in the early operative stage. In contrast, the disappearance of the cage radiolucent zone progressed with disc height reduction and then with the increase in the volume of grafted bone in the late postoperative stage. These results suggest that the disappearance of the cage radiolucent zone may be strongly associated with reduction in the disc space rather than with new bone formation in the disc space.
The main limitation of this study is that the aim was to evaluate the radiographic changes in cases of pseudarthrosis rather than to assess the clinical results in these patients. Whether the fusion status (successful fusion or pseudarthrosis) affects the clinical outcome is still controversial 3, 10, [31] [32] [33] [34] . Although this study demonstrated longitudinal radiographic changes in cases of pseudarthrosis after posterior lumbar interbody arthrodesis and identified early radiographic predictors of permanent pseudarthrosis, surgeons should consider not only the radiographic findings but also the symptoms and physical findings when deciding whether to perform revision surgery to achieve fusion.
In conclusion, this study showed that the interbody arthrodesis site in some pseudarthrosis cases begins to change from pseudarthrosis to successful fusion two or three years after surgery. Two-thirds of early pseudarthrosis cases exhibited successful fusion five years after surgery. Therefore, final pseudarthrosis assessment should be performed at least three years after surgery. Because the existence of a radiolucent zone of >1 mm around the entire interbody cage at one year could be an early predictor of permanent pseudarthrosis, surgeons should not unnecessarily delay additional surgery for these patients.
